This article describes a statistical analysis of small water systems' turbidity data within the framework of a logic model for the USEPA's Performance-Based Training (PBT) program. The logic model shows the theoretical linkages between optimization training for small system operators; operator application of optimization techniques; improvements in plant filtration performance;
(PBT) program for small drinking water systems serves as the framework for the analysis (small public water systems are defined as those serving 10,000 or fewer consumers). Under the federal drinking water regulations, turbidity (the cloudiness caused by particles in drinking water) acts as a surrogate measure for removal of microbial contaminants, including protozoa, such as Cryptosporidium and Giardia, bacteria and viruses. As described extensively in the economic analyses for two recent drinking water regulations (USEPA 1998a (USEPA , 2002 , reducing turbidity has both quantifiable and non-quantifiable benefits. Quantifiable benefits are based on several studies of the relationship between filtered-water turbidity levels and the likelihood of removal of Cryptosporidium oocysts from drinking water supplies (LeChevallier & Norton 1995; Patania et al. data before, and 12 months after, joining the optimization program, from a higher to a lower risk category, measured in terms of log reduction. Turbidity levels were proxies for risk, given the correlation between turbidity removal and likelihood of Cryptosporidium removal discussed above. Our study focused on plants using conventional or direct filtration because their mechanisms for removing protozoa are more closely related to turbidity removal than other treatment technologies (e.g., slow sand or diatomaceous earth filtration) (USEPA 1998a,b) . A preliminary analysis of performance data from a simple random sample of small systems in the optimization program indicated that those only partially involved in the optimization program did not necessarily improve performance. Systems in the optimization program, however, participate to varying degrees; for example, some may agree to an assessment of plant performance, or commit to the goals of the optimization program, but not all systems in the program receive intensive training and technical assistance. As a result, the authors hypothesized that systems in the PBT program, which represents the most extensive degree of AWOP participation, would be most likely to improve performance consistently. In brief, the objectives of the PBT program for turbidity are to: overcome performance-limiting factors using proven optimization concepts and process control; improve finished water quality through optimization to protect customers from pathogenic organisms such as Giardia and Cryptosporidium; and, promote peer-to-peer networking among system operators on the technical and managerial aspects of water treatment optimization. Through PBT, system operators participate in a series of five intensive training sessions over several months to optimize the performance of their water filters. Trainers and operators assess plant performance through the periodic review of operational data. The goal of PBT is to reduce turbidity in filtered drinking water to 0.1 NTU (Nephelometric Turbidity Units) 95% of the time (for plants using conventional or direct filtration), which exceeds the federal performance standard of 0.3 NTU 95% of the time. This goal is based on research that found achieving 0.1 NTU, 95th percentile turbidity was most effective for removal of Cryptosproridium and Giardia The purpose of Phase II was to estimate reductions in exposure to Cryptosporidium and associated illness avoided during the study period. In this phase, the authors used changes in finished water turbidity levels as a proxy for risk reduction. In Figure 1 percentiles for one year after training. These data are the basis for the analysis that follows.
Assumptions in model design
We reviewed and examined the data to identify an appropriate statistical model. We found that the 95th percentiles were log-normally distributed within the oneyear monitoring periods. Figure 2 shows the data for one of the plants in our sample, together with best-fitting lognormal density functions. Shown with a logarithmic X-axis, the density functions have the familiar "bell" shape. This particular plant appeared to have reduced turbidity, represented in Figure reduction to PBT participation.
The equation above describes our statistical model for Phase I. Parameter m defines the overall turbidity level for non-PBT plants during Year 0, or the first 12-month period.
Parameter b is the "Rule effect", and describes the overall turbidity reduction between both PBT and non-PBT plants that is due to anticipating upcoming rules or other influences. Parameter g is the "PBT bias" that reflects an overall difference between non-PBT and PBT plants during Year 0. a i is an effect for plant i. These effects allow different plants to have different initial turbidity levels. We assumed these effects were normally distributed with variance V plant .
e ij is an error term for system i during year j ( j ¼ 0, 1). We assumed these errors were normally distributed with error variance V error . Finally, parameter d is the desired effect of the PBT program. This is the key parameter for estimating the success of the training. original mean estimates were within the range of Monte Carlo error (due to having MCMC samples of only size 10,000) and on a relative basis were generally less than 0.2%. This last finding is important: it indicates that PBT made a highly statistically significant-and meaningful -difference in plant performance.
Initial findings

Limitations of phase I
The data represent a relatively small number of treatment plants in five states; training may have had a greater or lesser effect in other states with PBT programs. The authors know of no reasons why training would reduce the effectiveness of a plant's filtration. In some cases, turbidity increased overall after the training. Those increases were very small, however-less than 5% relative change in median turbidity-and appeared to be the result of random error.
These increases may have been caused by year-to-year variability in source water quality, or by our utilization of data for a small number of months.
Another limitation is that during the study period (1998) (1999) (2000) (2001) (2002) (2003) (2004) small public water systems were not yet subject to treatment requirements under the LT1 and Filter
Backwash Recycling Rules. The authors estimate the overall effect of these rule requirements will be a continued reduction in finished water turbidity levels, even in systems that do not take advantage of PBT. Therefore, in the future nonparticipating systems could perform significantly better than observed in this study.
Finally, for this analysis four-hour turbidity monitoring data were reduced to monthly 95th percentiles. Turbidity data for more frequent time periods (e.g., 15-minute or hourly readings) may have revealed other differences between participating and nonparticipating plants, and Table 2 in parentheses.
The following best-fitting linear model was the result: The linear function only provides an estimate of the relative change in log removal (e.g. a factor of two reduction). In order to model the actual log removal, we needed to assign a log removal to a particular 95th percentile turbidity value. Consistent with the assumptions underlying the LT1, we assume that three-log (99.9%) removal is achieved when the monthly 95th percentile turbidity value is 0.2 NTU. This assumption, together with the linear function described above, allows us to predict the effective log removal for any month, based on its 95th percentile turbidity value. A plant whose 95th percentile turbidity value is "NTU" would have the following log Table values based on assumptions used in: 1) Regulatory Impact Analysis for IESWTR, USEPA 1998; 2) Middle values used as described in Table 3 , and elaborated on page 154 (Regli et al. 1998) ; and 3) Preambles of proposed and final LT2 rules for providing additional credit for Crytosporidium removal in filtered water turbidity levels less than 0.3 NTU (USEPA 2003 (USEPA , 2006 based on research studies by Patania et al. (1995) , Emelko et al. (1999) and Dugan et al. (2001) . The solid curve in Figure 6 displays the distribution of monthly illness risk for consumers served by plants before the plants participate in PBT. The median value before training is 0.00028, meaning that about five persons would be infected and two to three of them would become ill each month in a community of 10,000 persons served by a "typical" small water system. The dashed curve displays the distribution that would result following PBT. The median value for the postTraining distribution is 0.00018, about one-third less than the median value from the pre-PBT distribution.
In both cases (pre-and post-PBT), the mean monthly risk is considerably greater than the median. The mean of the pre-PBT distribution is 0.7 cases per thousand and the mean of the post-PBT distribution is 0.3 per thousand. As a result, PBT appears to reduce the overall risk by a factor of 2. On average, about ten cases of infection can be avoided each year for every thousand persons served by systems that take advantage of PBT, within a range of 0 to 18 fewer infections.
Uncertainty characterization
Because the risk analysis described above draws information from the LT2 economic analysis, it shares many of the same uncertainties. Table 3 lists the key uncertainty factors for this analysis. Given the lack of robust data in key areas, more research into the magnitude of uncertainty for each of these factors is needed to increase confidence in the study findings. Of these, Cryptosporidium occurrence and infectivity appear to be the largest contributors to overall uncertainty. While new information on occurrence should be available through the source water sampling provisions of the LT2, new information on infectivity is not expected.
Information to reduce the uncertainties regarding treatment effectiveness (baseline effectiveness of conventional treatment and any improvement realized through turbidity reduction) could be obtained through research.
Continuous turbidity monitoring data from participating and nonparticipating plants could then be used to improve the PBT program's benefit assessment.
We emphasize that the predicted performance improvements indicated from the statistical models in this study Nevertheless, the authors conclude that the proposed approach has merit when trying to evaluate the benefits of a PBT program to a group of potential PBT systems.
IMPLICATIONS OF THE STUDY: RESULTS AND DISCUSSION
There are several important implications of the study results outlined below. Levels may have changed significantly since the surveys were conducted.
New data will be obtained through monitoring under LT2 that is specific to small surface water systems.
Cryptosporidium infectivity (dose-response) Unknown how well Cryptosporidium isolates used in human challenge studies represent environmental oocysts.
Overall effectiveness of conventional water treatment Need additional bench and pilot scale studies to assess relationship for a variety of source waters and conditions.
Relationship between turbidity and Cryptosporidium removal
Need additional bench and pilot scale studies to assess this relationship under a variety of source water types and conditions.
Overall turbidity improvement due to participation in PBT Based on sample of 36 paired participating and non-participating systems.
follow-up site visits and additional training to achieve the optimization program goal of 0.1 NTU.
PBT improves small system compliance and reduces risk to consumers water will be required to provide additional control measures compared to those systems with low concentrations. Systems that achieve low turbidity levels in their filtered water may be able to achieve 0.5 to 1.0-log additional treatment credit for Cryptosporidium removal.
And depending upon other control measures that might be necessary to meet the additional removal required under LT2, these systems could realize significant cost savings through PBT participation. 
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